The ability to undergo self-renewal is a defining characteristic of stem cells. Self-replenishing activity sustains tissue homeostasis and regeneration. In addition, stem cell therapy strategies require a heightened understanding of the basis of the self-renewal process to enable researchers and clinicians to obtain sufficient numbers of undifferentiated stem cells for cell and gene therapy. 
INTRODUCTION
The majority of stem cell research efforts are focused on the promising applications of multilineage plasticity of putative stem cells. The equally important characteristic of self-renewal capacity is often overlooked but is increasingly becoming a focus of stem cell biology (Molofsky et al., 2004; Zipori, 2004 ) from both basic science and clinical perspectives. The potential use of stem cells for gene therapy and functional tissue engineering will require the expansion of undifferentiated stem cell populations to achieve sufficient numbers for use in clinical applications. It will be necessary to develop cellular expansion techniques that regulate the extrinsic and intrinsic biostimuli that lead to self-renewal and differentiation, or symmetric and asymmetric divisions. In addition, practical scalable culture systems with corresponding models for prediction of output numbers will be required. Finally, the need to pay careful attention to any changes in cell quality attributable to extensive expansion or, more generally, to cellular aging adds another layer of complexity to the development of efficient expansion techniques.
Hayflick first reported in 1961 that normal human fibroblasts undergo a limited number of divisions in vitro (Hayflick and Moorhead, 1961) ; he estimated the maximum number of population doublings (PDs) to be ϳ50. After that initial report, many other investigators have verified that euploid cells in culture undergo a finite number of PDs. In contrast, the current consensus is that stem cells possess a unique proliferation capacity that is either several times greater than that displayed by euploid cells, or possibly unlimited (Potten and Morris, 1988; Rubin, 1997; Reyes et al., 2001; Rubin, 2002) .
The capacity for long-term proliferation is regarded as an identifying characteristic of stem cells. Reports of stem cell replicative potentials show variability related to the developmental stage of the cell source, the species, and the culturing conditions. Human embryonic stem (ES) cells expanded for 250 PDs (Amit et al., 2000) or 130 PDs (Xu et al., 2001) have maintained their pluripotency and normal karyotype. However, due both to ethical issues surrounding the use of embryonic cells and to reports that the cells form teratomas in vivo, research investigating stem cells derived postnatally has grown. Nonembryonic stem cells, such as human hematopoietic stem cells (HSCs), seem to exhibit a slower doubling rate than ES cells, although researchers have expanded some of these cell populations 2 ϫ 10 6 -fold (20 PDs) over a 6-mo period (Piacibello et al., 1997) and ϳ1400-fold (10 PDs) over a 3-mo period (Gilmore et al., 2000) . Varying degrees of expansion are reported for mesenchymal stem cells (MSCs), bone marrow stromal cells, and multipotent adult progenitor cells-all originating from the bone marrow-10 9 -fold (30 PDs) (Colter et al., 2000) , 50 -70 PDs (Bianchi et al., 2003) , and 120 PDs (Schwartz et al., 2002; Jiang et al., 2003) , respectively.
In light of these findings, the generation of large numbers of cells via the expansion of stem cells seems feasible. However, numerous studies performed in the area of cellular aging have shown that cells with a high replicative age often exhibit chromosomal abnormalities. Incomplete DNA replication at the telomeres (i.e., the G-rich repeat units at the ends of chromosomes) leads to telomere shortening with each cell cycle; cellular senescence occurs after the telomeres reach a critical length. The serial propagation or aging of cells in culture also leads to other degenerative cellular changes, including abnormal structures in the cytoplasm, changes in metabolism, loss of methyl groups, and reiterated sequences from DNA, and reduction in replicative efficiency and growth rate (Rubin, 1997) . In addition to the concern that such expanded and aged populations might have a reduced regeneration capacity, the accumulation of damage over the cells' lifetimes increases the probability of genetic instability that can culminate in apoptosis or tumorigenic behavior.
Although extensively expanded stem cells may become targets of transformation due to accumulated damage, there may be a preexisting relationship to cancer. The self-renewal pathway may share some signals with pathways implicated in oncogenesis. Recent research has shown that the PTEN, notch, sonic hedgehog, and wnt signaling pathways may play a role in the self-renewal of HSCs (Karanu et al., 2000; Varnum-Finney et al., 2000; Bhardwaj et al., 2001; Reya et al., 2001; van Noort and Clevers, 2002; Stiles et al., 2004) ; these same pathways have been linked to oncogenicity. Furthermore, HSCs are thought to be more likely than committed progenitors to undergo transformation (Reya et al., 2001) . Together, these findings clearly indicate the need to carefully examine the quality of expanded stem cell populations before using them as the basis for cell therapy and tissue engineering applications.
To test the long-term self-renewal potential of musclederived stem cells (MDSCs) and to identify any limits to the expansion of an MDSC population, we extensively expanded muscle stem cells for Ͼ300 PDs under normal culture conditions (225 d of expansion) and examined the cells to identify any in vitro phenotypic alterations, signs indicative of cellular aging and transformation, changes in the cells' capacity to differentiate, and changes in their capacity to regenerate skeletal muscle in vivo.
MATERIALS AND METHODS

Proliferation Kinetics and Expansion of MDSCs in Culture
MDSCs were obtained, as described previously, from normal (C57BL/6J) 3-wk-old mice (Qu-Petersen et al., 2002) . Cells were cultured in DME medium supplemented with 10% fetal bovine serum, 10% horse serum (HS), 1% penicillin/streptomycin, and 0.5% chick embryo extract (Invitrogen, Carlsbad, CA) at an initial seeding density of 225 cells/cm 2 . After a sufficient number of cells was obtained (ϳ3-4 wk after isolation), 5600 cells (225 cells/cm 2 ) were plated in 25-cm 2 collagen-coated flasks, and routine cell passaging was performed every 2 or 3 d. After 2 or 3 d of growth, the cells were trypsinized, counted, and replated at a density of 225 cells/cm 2 . This process was repeated for a 6-mo period.
The cell counts and cellular dilution factor were recorded at each passage and used to calculate the expansion potential or theoretical yield, number of population doublings, and doubling time. The number of population doublings was calculated by solving the exponential equation N i ϭ N 0 2 ͑ti/PDT͒ for t i /PDT, which is the number of population doublings at time t i or no. of PDs ϭ log 2 (N i /N o ). Daily population doubling times were calculated using the following equation:
PDT ϭ t i # of population doublings ϭ t i͞ log 2 N i N 0
Local moving average PDT was calculated by fitting an exponential trend line to several measurements of N over a 1-wk period. The regression method provides a fitted curve of the form N i ϭ N 0 e kti . Because PDT is defined as the time, t i , such that N i ϭ 2N o , k ϭ ln2/PDT and PDT ϭ ln2/k. Cellular division time (DT) was measured directly by visual observation of time-lapsed images acquired at 10-min intervals over a 4-d period (Deasy et al., 2003) . The mitotic fraction, or the fraction of daughter cells that are dividing (␣ or F D ), was calculated by using the measured PDT and DT at the given doubling level and solving the rearranged Sherley model for ␣ (using Mathematica 4.2; Wolfram Research, Champaign, IL) as described previously (Sherley et al., 1995; Deasy et al., 2003) :
Morphological Analysis
Phase contrast light microscopy images were acquired every 2 wk in three random fields. Northern Eclipse software package was used to collect morphometric data by outlining or tracing 20 -30 cells per image or time point, with five to eight time points per doubling grouping. Quantitative measurements for cell area (number of pixels calibrated to microns squared), diameter (maximal cell length in micrometers), cell elongation (ratio of major axis to minor axis), and roundness (perimeter 2 /4 * * area) were compared using nonparametric one-way analysis of variance (ANOVA) and Dunn's method for multiple comparisons.
Sca-1 and CD34 Expression by Flow Cytometry
MDSCs were labeled with rat anti-mouse Sca-1 (phycoerythrin; BD Biosciences PharMingen, San Diego, CA) and CD34 (biotin; BD Biosciences PharMingen) monoclonal antibodies at 2-wk intervals. A separate portion of cells was treated with equivalent amounts of isotype control antibodies. Both fractions then were washed and labeled with streptavidin-allophycocyanin. 7-Amino-actinomycin D was added to exclude nonviable cells from the analysis. Appropriate gating was performed to determine Sca-1 and CD34 expression via flow cytometry with a FACStar Plus (BD Biosciences, San Jose, CA). One-way ANOVA was used to test for differences at various doubling levels; pairwise multiple comparisons to identify differences in expression were performed using the Tukey test with ␣ ϭ 0.05 and power ϭ 0.997.
Myogenic Marker Expression by Immunocytochemistry
Expression of the myogenic marker desmin was examined at 2-wk intervals via immunocytochemistry. In brief, after cold methanol fixation the cells were blocked in 5% HS, and then they were incubated with antibodies for desmin (mouse monoclonal desmin, 1:250; Sigma-Aldrich, St. Louis, MO), secondary biotinylated IgG (1:250; Vector Laboratories, Burlingame, CA), and streptavidin-Cy3 (1:500; Sigma-Aldrich) to fluorescently label the antigenic binding and to determine the percentage of myogenic cells within the population. After ANOVA, pairwise multiple comparisons to identify differences in desmin expression were performed using the Tukey test with ␣ ϭ 0.05 and power ϭ 0.87.
In Vitro Myogenic Differentiation
MDSCs were plated at 1000 cells/cm 2 in normal 20% serum DME medium for 3 d, and then they were placed in 2% serum DME medium for an additional 4 d to induce myogenic differentiation. On day 7, methanol-fixed cultures were blocked with 5% HS and were incubated with monoclonal mouse fast myosin heavy chain (anti-MyHC, 1:250; Sigma-Aldrich), biotinylated IgG (1:250; Vector Laboratories), and streptavidin-Cy3 (1:500). Differentiation efficiency was calculated as the ratio of myogenic nuclei to total nuclei. ANOVA and pairwise multiple comparisons to identify differences in differentiation were performed using the Tukey test with ␣ ϭ 0.05 and power ϭ 0.848.
In Vivo Self-Renewal
MDSCs were retrovirally transduced to express green fluorescent protein (GFP) and neomycin resistance genes. The labeled cells (30 -40 PDs) were transplanted into the gastrocnemius muscles of dystrophic primary recipient mice (n ϭ 2). Each transplantation involved 0.2-1.0 ϫ 10 6 donor cells. After 2 wk in vivo in the primary recipient, the cells were reharvested, selected in medium containing G418 (3 mg of active compound per milliliter of Geneticin, an analogue of neomycin; Invitrogen), and expanded for Ͻ3 wk. The MDSCs were subsequently transplanted into skeletal muscles of secondary recipients (n ϭ 2). Reisolation of the serially transplanted MDSCs from secondary recipients was performed as described above. Although these experiments were semiquantitative in nature, we estimated that the percentage of GFP-positive cells in the primary muscle biopsy was 0.5-1% of the skeletal muscle biopsy (gastrocnemius) and isolated as obtained through the preplate technique. The GFP cells were recovered from preplates 1, 2, and 3. These cells were tested for GFP expression and the ability to differentiate into myotubes in vitro. The contralateral muscles of both the primary and secondary recipients were harvested, sectioned, and examined for GFP expression.
In Vivo Muscle Regeneration
Regeneration efficiency was examined as a function of cell age by transplantation of 1-3 ϫ 10 5 cells into the gastrocnemius muscles of 5-to 8-wk-old mdx/SCID mice as described previously (Jankowski et al., 2002) . Two weeks after transplantation, the mice were killed and the muscles were sectioned by cryostat (10 m). Immunohistochemistry was performed to identify dystrophin-positive myofibers. Tissues sections were fixed with cold methanol, and immunostaining was performed using the mouse-on-mouse (M.O.M.) kit (Vector Laboratories) with DYS2 antibody (1:50; Novocastra, New Castle, United Kingdom). Populations of various doubling levels were grouped into six categories (0 -50 PDs, 51-100 PDs, 101-150 PDs, 151-200 PDs, 201-300 PDs, and Ͼ300 PDs) and were compared with ANOVA. Pairwise multiple comparisons were performed using the Tukey test with ␣ ϭ 0.05 and power ϭ 1.0.
Transformation Analysis
Soft agar growth in populations from six doubling levels was examined by plating 2000 cells per 9.6-cm 2 well in 0.35% low melting point agar as a top layer, with a bottom layer of 0.7% agar in 20% serum medium. Colonies were allowed to grow for 21 d at 37°C, at which time Northern Eclipse imaging software was used to score the colonies for both number and size. After ANOVA, pairwise multiple comparisons of the number of colonies were performed using the Tukey test with ␣ ϭ 0.05 and power ϭ 1.0.
DNA content was examined in the same populations via flow cytometry. Cells were fixed in ethanol for 2 h and then resuspended in 0.1% (vol/vol) Triton X-100 (Sigma-Aldrich) in phosphate-buffered saline with 0.2 mg/ml DNase-free RNase A (Sigma-Aldrich) and 20 ng/ml propidium iodide (Sigma-Aldrich) solution. Experiments were performed three times, and results were averaged. One-way ANOVA was used to identify differences among the doubling levels for the 2N, 4N, and Ͼ4N peaks. Numerical chromosomal analysis was performed through the use of standard Geimsa staining and banding techniques as described previously (Lee et al., 2000) . To test for the transformation of the highly expanded cells, subcutaneous injections into both SCID and syngeneic mice were performed. MDSCs that had been expanded to 15 PDs and MDSCs that had been expanded to 300 PDs were transplanted subcutaneously into the lower abdomen of both C57BL/6J-Prkdc SCID mice (0.3-0.4 ϫ 10 6 cells per site; n ϭ 4) and C57/BL6J (0.75-1.0 ϫ 10 6 cells per site; n ϭ 4). Tumor growth was followed by palpation and radiography, and mice were killed 130 d (SCID) and 150 d (syngeneic) after injection. Killed animals were dissected and were evaluated for growths at the site of injection and gross enlargement of spleen and lymph tissues. Hematoxylin and eosin staining was performed on 8-m-thick sections of snapfrozen tissue.
RESULTS
To examine the effects of long-term expansion, we isolated highly purified populations of MDSCs from 3-wk-old normal mice (C57BL/6J), as described previously (Qu-Petersen et al., 2002) and maintained the cells in continuous culture for 6 mo. We cultured MDSCs at Ͻ30% visual confluence or a density of 2 ϫ 10 3 -10 4 ( Figure 1A ), and periodically analyzed the stem cell characteristics of MDSCs at different doubling levels.
Expansion Potential of MDSCs
We were able to expand the MDSCs for Ͼ300 PDs (n ϭ 3; Figure 1B ) over a 6-mo period and obtained a theoretical yield of Ͼ10 100 cells (Ͼ1 googol cells). We expanded a total of four different populations to a high doubling number: mdsc1 (300 PDs; n ϭ 3), mdsc2 (300 PDs; n ϭ 2), mdsc3 (200 PDs; n ϭ 1), and mdsc4 (200 PDs; n ϭ 2). We focused our study on the population that displayed the best engraftment efficiency in skeletal muscle: the mdsc1 population (hereafter referred to simply as "MDSCs").
It is typical to observe very long doubling times early in the isolation process. Because cell death is common in cell populations obtained immediately after isolation, the population size actually tends to decrease during this initial period. For this reason, obtaining workable quantities of MDSCs can require several weeks, often leaving freshly isolated MDSCs in the same isolation flask for up to 2 wk. Measurements of doubling rate during the early isolation period are based on visual counts rather than hematocytometer counts.
We observed this expected lag in population growth during the first 4 -6 wk after cell isolation ( Figure 1C) . Initially, the PDT was infinitely long, but by the 4-wk time point (28 d, as shown in the figure) the PDT had dropped sharply to ϳ52 h, whereas the number of PDs increased concurrently ( Figure 1C ). After the lag phase, we observed no significant differences (p ϭ 0.11) between the growth rates of cells in culture for 2 d and those in culture for 3 d (schematic shown in Figure 1A ). Two-day growth periods resulted in an average of 3 PDs (1.5 Ϯ 0.35 PDs/d), whereas 3-d growth periods resulted in an average of ϳ5 PDs (1.6 Ϯ 0.39 PDs/d). The population kinetics of the MDSCs cultured continuously for 6 mo indicate that the cells had an extended replicative lifetime (Figure 1, B and D) . The PDT after the lag phase dropped sharply to ϳ14 -16 h, and then it remained relatively constant for the remainder of the expansion in culture.
We observed no indication of replicative senescence (Figure 1D ) or significant changes in cellular DT during expansion of the MDSCs. We used a unique combinatorial cell culture system (Deasy et al., 2003) to obtain time-lapsed images to directly observe and measure median division time, which was similar for cells at 15 PDs (12 h), 25 PDs (12 h), 75 PDs (12 h), 125 PDs (14 h), 170 PDs (13 h), and 300 PDs (12.5 h; Figure 1E ). We used the Sherley model (Sherley et al., 1995) to calculate the mitotic fraction (i.e., the fraction of actively dividing daughter cells), which increased from 0.37-shortly after cell isolation (15 PDs) and essentially during the isolation process-to 0.75-0.98 after 75 PDs (Figure 1E ).
Morphological Analysis
Qualitative examination of cell morphology showed that the MDSC populations from early passages seemed to be similar to those from late passages. Figure 2 illustrates the cell density at which these cells were grown and the heterogeneous morphology of the cell populations. Most of the cells maintained a small round shape, although we did observe some well defined subpopulations, including a group of cells with a more spindle-shaped appearance (Figure 2A ).
Morphological cellular features (cell area, diameter, and cell elongation and roundness) of MDSC populations were measured from phase contrast images. Figure 2B illustrates distribution of the measurements through the use of box plots with the median, 10th, 25th, 75th, and 90th percentiles as vertical boxes with error bars. The median cross-sectional area and diameter of cells expanded beyond 200 PDs were significantly larger than the area and diameter of cells in the other groups (p Ͻ 0.05; ANOVA). The roundness parameter is a measure of the shape of the cell, with values closest to 1 indicating the roundest cells. The elongation parameter is the ratio of the length of the major axis of the cell to that of its minor axis. The roundness and elongation measurements of MDSCs expanded beyond 300 PDs differed significantly from those obtained for all MDSCs expanded to a lesser degree; MDSCs expanded beyond 300 PDs were less round and more elongated. Cell populations expanded for 100 -150 PDs were significantly rounder than the MDSCs in the other groups, although this difference was not qualitatively recognizable.
Stem Cell Marker Analysis
The use of flow cytometry to analyze expression of the putative muscle-derived stem cell markers CD34 and Sca-1 revealed that the MDSCs maintained the same general profile for the first 200 PDs. In MDSC populations between 0 and 50 PDs, 90 Ϯ 13% of cells were positive for CD34 expression and 78 Ϯ 15% were positive for Sca-1 expression. We observed no significant difference in the total expression of Sca-1 by MDSC populations expanded for various PDs up to 300 PDs (p ϭ 0.10; one-way ANOVA). However, we observed a significant decrease in total CD34 expression after 200 PDs (65 Ϯ 22% of MDSCs at 200 PDs vs. 94.7 Ϯ 7% at 150 -200 PDs; p Ͻ0.05) and after 300 PDs (36 Ϯ 22%; p Ͻ0.05 vs. all other doubling levels; Figure 3A ). Shifts in CD34 expression are apparent in the dot plots, but Sca-1 expression seems to be constant ( Figure 3B ). Stage-specific embryonic antigen 1 also was analyzed by flow cytometry, although MDSCs were negative for this marker throughout the expansion period (our unpublished data).
Myogenic Behavior
Myogenic Markers. Less than 20% of the MDSC population expressed the myogenic marker desmin upon analysis shortly after isolation (20 PDs), and the early MDSC population was negative for Pax-7 and m-cadherin expression, two markers of satellite cells (Irintchev et al., 1994; Seale et al., 2000) . After expansion, we observed a slight increase in desmin expression by MDSCs expanded beyond 200 PDs (19 Ϯ 9%) compared with desmin expression by MDSCs evaluated at 61-200 PDs (range 4.5-7%; p Ͻ 0.05); however, there was no significant difference between desmin expression by MDSCs at 200 PDs, and desmin expression by MDSCs expanded for Ͻ60 PDs (7 Ϯ 5%; Figure 4A ). Immunocytochemical staining illustrates that only a few cells expressing desmin were present among a much larger number of desmin-negative cells ( Figure 4B ). MDSCs did not express Pax-7 or m-cadherin at any point during the expansion period (our unpublished data).
Myogenic Differentiation. The extent of myogenic differentiation, i.e., myotube formation, declined with increased passaging of MDSCs. Cells at low doublings (Ͻ30 PDs) exhibited a high degree of differentiation, as indicated by the formation of multinucleated myotubes with 65% of the nuclei positive for myosin heavy chain (fast MyHC) after cul- turing the MDSCs under low-serum and high-density conditions for 7 d ( Figure 4C) . Generally, the MDSCs began to fuse on day 3 or 4 under such differentiation-inducing conditions, before reaching 100% confluence in culture. A significantly smaller percentage of MDSCs underwent fusion or differentiation to form myotubes on day 7 at the 200 PD level (24 Ϯ 15%; p Ͻ 0.05) and the 300 PD level (15 Ϯ 8%; p Ͻ 0.05; Figure 4D ) than at the Ͻ50 PD level (65 Ϯ 4%).
In Vivo Self-Renewal
The ability of MDSCs to undergo extensive proliferation while preserving their marker profile for at least 200 PDs is indicative of the high self-renewal ability of these cells in vitro. To examine in vivo self-renewal, we used the classic approach of serial transplantation. We were able to reisolate MDSCs that were previously genetically engineered to express neomycin-resistance gene and GFP and were transplanted into the skeletal muscles of dystrophic mice 14 d earlier. We selected the recovered cells in vitro and expanded the cell population for use in a second transplantation. These MDSCs regenerated GFP-positive myofibers within the secondary recipients ( Figure 5 , GFP-positive fibers), could be reharvested from the secondary recipients ( Figure 5 , GFP-positive cells in G418 sulfate), and demonstrated the ability to undergo myogenic differentiation in vitro ( Figure 5 , GFP-positive myotubes). These findings suggest that MDSCs are capable of self-renewal in vivo.
Muscle Regeneration
MDSCs at low passages maintained the ability to regenerate large numbers of dystrophin-positive fibers after transplantation into the gastrocnemius muscles of mdx mice. We analyzed regeneration capacity in terms of the transplanted cells' regeneration index (RI)-the number of dystrophinpositive fibers per 10 5 donor MDSCs. Fourteen days after transplantation, the average RI for MDSCs expanded for between 0 and 50 PDs was 829 Ϯ 337 dystrophin-positive fibers. MDSCs maintained this high regeneration capacity for up to 195 PDs (RI ϭ 800 Ϯ 170; Figure 6A ). Representative dystrophin engraftments are shown in Figure 6A . After 200 PDs, the engraftment efficiency decreased significantly; we observed a quantity of dystrophin-positive fibers comparable with the number of background revertant fibers (200 -300 PDs, RI ϭ 32 Ϯ 47; Ͼ300 PDs, RI ϭ 3 Ϯ 3, p Ͻ 0.001; Figure 6D ). Histological examination 14 d after transplantation of MDSCs expanded to 240 PDs revealed a large engraftment of mononuclear cells ( Figure 6B ). However, small numbers of dystrophin-positive fibers were visible at the graft site ( Figure 6B ). To confirm delivery of the MDSCs and identify the injection site, we used LacZ to retrovirally In vivo self-renewal. MDSCs were isolated and then were transduced with genes encoding for GFP and neomycin resistance. Two weeks after their injection, the labeled cells were reharvested, selected in G418 medium, and transplanted into secondary mdx recipients. Regeneration of muscle fibers was observed by green fluorescence, whereas contralateral muscles were used to reharvest MDSCs from the secondary recipients. Serially transplanted cells regenerated skeletal muscle fibers within the skeletal muscles of secondary recipients and differentiated into myotubes in vitro.
label MDSCs expanded for 310 PDs. We verified the site of cell delivery and observed Ͻ25 dystrophin-positive fibers in these regions ( Figure 6C ).
Transformation Analysis
MDSCs at higher doublings demonstrated a heightened ability for anchorage-independent growth ( Figure 7A ) after 21 d in soft agar. We found that ϳ2.3% of MDSCs at 25 PDs initiated colonies, which did not progress beyond the fouror eight-cell stage (ϳ30 m in diameter) and that Ͻ1% formed colonies Ͼ60 m in diameter ( Figure 7B ). Above 100 PDs, 12% of the plated cells formed colonies with diameters Ͼ30 m. We detected several intriguing large colonies (Ͼ100 m in diameter and comparable in size to the positive control, the rat 1A 412 transformed cell line) in the MDSCs expanded for 140 PDs ( Figure 7B ). No significant differences were detected among the five different PD groups expanded for Ͻ200 PDs (i.e., 0 -30 PDs, 31-60 PDs, 61-100 PDs, 101-150 PDs, and 151-200 PDs; ANOVA; p Ͼ 0.05; Figure 7B ). However, MDSCs expanded for 295 PDs formed significantly more colonies than did MDSCs expanded for Ͻ200 PDs (for MDSCs Ͼ295 PDs: 59% [590 Ϯ 93 colonies per 1000 plated cells]; for MDSCs 0 -200 PDs: Ͻ10%; p Ͻ 0.001).
We examined DNA content of MDSCs at different passages by performing flow cytometry to detect polyploidy. We observed no difference in the distribution of cells in the different phases of the cell cycle ( Figure 7C) , with the single exception of the percentage of cells in G 2 /M at the levels of 45 PDs (29 Ϯ 2.5%) versus 300 PDs (21 Ϯ 0.6%). These findings are consistent with the division time analysis that indicated no significant difference in the cell cycle time of expanded MDSCs ( Figure 1E ) and suggest normal durations of cell cycle phases (G 0 /G 1 : ϳ5-7 h, S: ϳ2-3 h, and G 2 /M: ϳ3-4 h; Figures 1E and 7C) . We also did not detect polyploidy or any increase in populations with Ͼ4N DNA content ( Figure 7C ). These results ( Figures 1E and 7C ) suggest that DNA content and cell cycle kinetics of MDSCs obtained through extensive expansion are similar to those of freshly isolated stem cells. Analysis of chromosomal number revealed that the cells continued to contain the modal diploid number of 40 chromosomes throughout the expansion process ( Figure 7D) ; however, from one of the three expan- enabled confirmation of the cell injection site, which serial sections again revealed to be negative for dystrophin (red, Hoechst blue). Image contrast to reveal fibers was performed on serial sections (400ϫ). (D) Dystrophin-expressing muscle fibers present after cell transplantation were scored as the regeneration index (i.e., the number of dystrophin-positive fibers per 100,000 donor cells). Cells expanded for up to 200 PDs engrafted at a level comparable with that exhibited by newly isolated cells; after this point, however, regeneration efficiency dropped significantly (ANOVA; p Ͻ 0.05): 0 -50 PDs (829 Ϯ 336; n ϭ 4), 51-100 (610 Ϯ 376; n ϭ 3), 101-150 (457 Ϯ 272; n ϭ 6), 151-200 (800 Ϯ 170; n ϭ 4), 201-300 (32 Ϯ 47; n ϭ 4), and Ͼ300 (3 Ϯ 2.8; n ϭ 8).
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MDSCs at 15 PDs failed to give rise to tumors in either SCID or syngeneic animals. After implanting MDSCs at 300 PDs into mice, we detected one tumor (ϳ0.75-1.0 cm in diameter) in a syngeneic mouse but no tumors in the SCID mice (Table 1 and Figure 8 ). The growth of the tumor in the syngeneic mouse was not detectable by radiography performed 30 or 60 d after injection, but it was slightly visible 150 d after injection; no other mice exhibited abnormal growths detectable by x-ray at any time points (Table 1) . Pathological examination of tissue sections revealed neoplastic growth and the presence of reactive cells (Figure 8) . The histomorphological appearance of the cells along with the infiltrative nature of the process suggest a neoplasia designation, whereas the appearance of numerous strap-like cells suggests that there are some areas of skeletal muscle differentiation that would indicate a rhabdomyosarcomalike growth (Klein, personal communication). Although there was no statistical difference between the number of growths found in the two groups (Fisher's exact test; 15 vs. 300 PDs), our analysis of all the findings with the highly expanded cells, together with the incidence of one growth found with MDSC at 300 PDs, suggests that this may not be attributable to chance and should not be disregarded.
DISCUSSION
Although it is theorized that several types of stem cells have extended replicative life spans, few studies have investigated the doubling potential of stem cell populations. MDSCs are postnatal stem cells identified and distinguished from satellite cells by their relatively low level of commitment to the myogenic lineage (Lee et al., 2000; Qu-Petersen et al., 2002) . The origin of muscle stem cells isolated from skeletal tissue and their relationship to other stem cells (e.g., muscle satellite cells or blood-derived stem cells) remain unclear, but basic characterization studies have revealed many features of stem cell behavior (Seale et al., 2001; Zammit and Beauchamp, 2001; Deasy and Huard, 2002) . Our study presented here reveals that MDSCs have an extended replicative lifetime and a substantial self-renewal capacity that previously has not been demonstrated for postnatal muscle-derived cells.
Freshly isolated MDSC exhibit high expression of CD34 and Sca-1 and low expression of myogenic markers. We were able to maintain this molecular profile for at least 200 PDs. After 200 PDs, MDSCs showed decreased CD34 expression that corresponded with the cells' decreased ability to generate dystrophin-positive muscle fibers after intramuscular transplantation. This finding is consistent with previous reports of CD34-sorted MDSCs, which indicate that, in comparison with CD34-negative populations, sorted CD34-positive populations exhibit a significantly greater ability to regenerate dystrophin-positive muscle fibers (Jankowski et al., 2002) .
As with the majority of studies with stem cells, we did not solely use markers to define the MDSC populations; we also examined the behavior of the MDSCs as they differentiated toward the myogenic lineage in vitro and regenerated skeletal tissue in vivo. Changes in MDSCs' expression of molecular markers occurred concomitantly with decreases in the percentage of cells undergoing myogenic differentiation. MDSCs expanded for up to 195 PDs and subsequently transplanted into mdx mice demonstrated a remarkably high level of engraftment, comparable with that exhibited by freshly isolated MDSCs and significantly higher than that displayed by freshly isolated satellite cells (Jankowski et al., 2002; Qu-Petersen et al., 2002) .
Few other postnatal stem cell populations have been observed to undergo such extensive expansion (http://www .nih.gov/news/stemcell/scireport.htm; Schwartz et al., 2002) . It is interesting to note that the doubling level observed in our study is most similar to the doubling level reported for ES cells (Thomson et al., 1998; Amit et al., 2000; Smith, 2001; Xu et al., 2001) . Other postnatal stem cell populations, such as hematopoietic and bone marrow-derived populations, have been expanded only to much lower levels, despite being cultured for several months (Piacibello et al., 1997; Colter et al., 2000; Gilmore et al., 2000; Jiang et al., 2002; Bianchi et al., 2003) .
The MDSCs' high replicative potential, coupled with the ability to maintain their high regeneration capacity, provides evidence that these cells are capable of long-term self-renewal with preservation of the undifferentiated phenotype. However, the failure of MDSCs to engraft after expansion for Ͼ240 PDs (the first doubling level at which we observed a decline) indicates that their potential for extended in vitro self-renewal under the conditions used in our study is, in fact, limited. Several other groups of researchers have reported the loss of multipotency by expanded populations of postnatal stem cells. In comparison with unexpanded HSCs isolated from mice, HSCs expanded for only 2-7 d exhibited a decreased ability to perform hematopoietic reconstitution (Knobel et al., 1994; Peters et al., 1995; Traycoff et al., 1996) . In another study, murine MSCs cultured for 24 or 48 h exhibited a decreased ability to home to the bone marrow and spleen (Rombouts and Ploemacher, 2003) . Other researchers have reported that human MSC Figure 9 . In vitro cell aging and clinical expansion of stem cells. Expansion of stem cells will involve generating quantities that are sufficient for basic investigation as well as future therapeutic applications. Identifying and controlling the appropriate expansion and selfrenewal conditions represent a major focus in stem cell biology. It is necessary to know the limit of the expansion as it approaches cell transformation. In the study presented here, MDSC lost their stem cell phenotype after 200 PDs. Stimulated expansion, e.g., cytokine stimulation, can be expected to increase the rate at which a clinical dose is reached and also the rate at which cells may reach their limit.
Expansion and Self-Renewal of MDSCs Vol. 16, July 2005populations expanded for 15 or 22 PDs have a decreased ability to differentiate toward osteogenic, chondrogenic, and adipogenic lineages (Digirolamo et al., 1999; Muraglia et al., 2000) . By comparison, the MDSCs investigated in our study retained their phenotype and their ability to efficiently promote skeletal regeneration in vivo for up to 200 PDs, a remarkable property of these cells.
We also investigated whether the extended expansion process resulted in transformation of MDSCs, which is a concern for using stem cells in cell and gene therapy, and would be expected for culture-expanded populations (Figure 9 ). In comparison with earlier populations of MDSCs, the highly expanded MDSC population showed changes in morphology, a heightened ability to grow on soft agar, a decreased ability to exit the cell cycle, a loss of contact inhibition, and, in one case, the capacity to cause a neoplastic growth in vivo. After 200 PDs, MDSCs continued to proliferate even when cultured at high confluence within a reduced cytokine environment, conditions that normally stimulate MDSCs to fuse and form terminally differentiated multinucleated myotubes. Our assessment of MDSCs expanded for Ͼ200 PDs revealed dramatic increases in terms of cell growth on agar, with 59% of the cells able to grow on soft agar and form colonies. However, a region of mononuclear cells showing minimal to no cell fusion was visible 2 wk after the transplantation of these populations into the skeletal muscle of mdx mice. Furthermore, one of the eight mice injected subcutaneously with the highly expanded MDSC population developed a neoplastic growth. Together, these findings demonstrate a change in the phenotype of the MDSC population after extended expansion for 200 or more PDs. Although not investigated in our study, the development of structural chromosomal abnormalities due to excessive culturing of the MDSCs-perhaps by receiving multiple genetic hits-would not be surprising (Knudson, 2001) .
These results also are particularly intriguing in light of recent studies indicating that stem cells share certain characteristics with cancer cells. Recent studies have investigated the hypothesis that cancer may be driven by cancer stem cells. Small populations of stem cells that share properties with normal cells but also have the ability to form cancer have been identified in cases of leukemia (Bonnet and Dick, 1997; Cobaleda et al., 2000; Miyamoto et al., 2000) , breast cancer (Al-Hajj et al., 2003; Dick, 2003) , and brain tumors (Hemmati et al., 2003; Singh et al., 2003) . The obvious similarity between cancer cells and stem cells is their capacity for self-renewal. Our finding that MDSCs expanded for up to 200 PDs retain their stem cell properties in vitro and exhibit sustained in vivo engraftment efficiency suggests that MDSCs do not undergo transformation unless subjected to very extensive cell replication. It remains to be determined whether the loss of stem cell phenotype and apparent transformation observed here occurred due to chromosomal abnormalities resulting from cell culturing or to the selection of a small fraction of cancer-like stem cells within the MDSC population. Future sorting experiments to identify subpopulations within the expanded populations may help to answer this question.
Our study shows that expansion of MDSCs for up to 200 PDs will yield a large number of phenotypically comparable cells, which would theoretically be more than enough for any clinical application. The use of these cells may represent an alternative solution to the need of immortalization of human myogenic cells to obtain enough cells for transplantation (Berghella et al., 1999) . In fact, the large yield suggests that one allogeneic donor could provide a sufficient number of cells for many recipients. Traditionally, whether the cells are being brought closer to senescence has been a central question of in vitro cytokine-stimulated expansion studies. Because we show that the "natural progression" of MDSCs cultured in 20% serum conditions for up to 200 PDs (Ͼ4 mo in culture) is to maintain their stem cell characteristics and regeneration capacity, we now can focus our efforts on reducing the initial lag period during MDSC expansion, in essence by decreasing the PDT (Figure 9 ). This study clearly demonstrates that MDSCs at high expansion levels maintain their ability to efficiently regenerate skeletal muscle. Indeed, our study suggests that MDSCs' remarkable capacity for self-renewal and long-term expansion is comparable with that exhibited by ES cells. Our results also highlight the need to conduct more intensive investigations into basic stem cell behavior and its potential link to transformation before proceeding with the translation of cell therapies to clinical settings. Nevertheless, this is the first study to demonstrate that MDSCs exhibit a notable capacity for long-term proliferation and self-renewal.
